Background: Hypothermia may be beneficial in stroke victims; however, it provokes vigorous shivering. Buspirone and dexmedetomidine each linearly reduce the shivering threshold with minimal sedation and no respiratory depression. This study tested the hypotheses that the combination of buspirone and dexmedetomidine would (1) synergistically reduce the shivering threshold, (2) synergistically reduce the gain and maximum intensity of shivering, and (3) produce sufficient inhibition to permit cooling to 34°C without excessive hypotension or sedation.
BRAIN hypoxia and ischemia lead to stroke, the third most common cause of death in the Western world and the most important source of adult disability. Any reduction in stroke-related morbidity would thus benefit an enormous number of people and markedly reduce overall healthcare costs. Induced hypothermia has been proposed as a treatment for acute stroke and has been shown to be effective in animal trials alone or in combination with other measures.
1,2 A recent meta-analysis of hypothermia in animal models of acute ischemic stroke indicates that hypothermia reduces infarct size significantly and improves neurobehavioral outcomes.
3 Consequently, various clinical trials have been initiated to test the feasibility and efficacy of hypothermia in stroke and brain injury patients.# Studies on therapeutic hypothermia continue to be of intense interest despite conflicting and negative results from studies applying therapeutic hypothermia to adults 4 and neonates 5 with traumatic brain injury, during neonatal asphyxia resuscitation, 6, 7 and during cerebral aneurysm clipping. 8 To effectively cool patients and to avoid thermal discomfort, shivering must be avoided. A drug regimen should be developed that induces thermoregulatory tolerance (defined as reducing the core body temperature that triggers shivering); agents that reduce the intensity of shivering would be especially welcome. There are many drugs known to inhibit normal thermoregulatory responses; however, they are all anesthetics or major sedatives that produce an amount of respiratory depression that may render stroke patients ventilator-dependant and should, therefore, be avoided. 9 -12 Two nonanesthesia drugs, buspirone, a serotonin 1A partial antagonist, and dexmedetomidine, a central alpha agonist, produce substantial thermoregulatory inhibition. 11, 13 Both drugs reduce the thermoregulatory thresholds for shivering. They have also been tested in combination with meperidine, an opioid with special antishivering action, and found to act synergistically (buspirone 14 ) or additively (dexmedetomidine 15 ). However, there is some concern about both these drug combinations. If there is a need to suppress shivering for an extended period of time, such as in intensive care unit-patients, meperidine is suboptimal because it has the potential to depress respiration. In addition, its metabolite normeperidine, which accumulates in the patient's blood, can cause respiratory depression 16 and seizures. 16, 17 In contrast, a combination of buspirone and ᭜ dexmedetomidine would lack side effects such as respiratory depression and drug-related risk of seizures and can be used for extended periods (for example, more than 24 h). Accordingly, we evaluated the effects of buspirone and dexmedetomidine on thermoregulatory function in humans. Specifically, we tested the hypotheses that the combination (1) synergistically reduces the shivering threshold, (2) synergistically reduces the gain and maximum intensity of shivering, and (3) produces sufficient inhibition to permit endovascular cooling to 34°C without excessive hypotension, autonomic nervous system activation, sedation, or respiratory compromise.
Materials and Methods
With approval of the Human Studies Committee at the University of Louisville (Louisville, Kentucky) and written informed consent according to the Declaration of Helsinki, we studied eight healthy, male volunteers aged 18 to 40 yr. None of the volunteers was obese (body mass index [BMI] greater 35 kg/m 2 ), taking any drugs, or had a history of thyroid disease, dysautonomia, or Raynaud syndrome.
Protocol
The volunteers fasted and refrained from smoking for 8 h. They also abstained from consuming alcohol for 24 h before each study day. They were minimally clothed and rested supine on a standard operating room table. Ambient temperature was maintained near 23°C. Volunteers lay on a circulating-water mattress (Cincinnati Sub-Zero, Cincinnati, OH) while covered with a forced-air warmer (Arizant Medical, Inc., Eden Prairie, MN). They each participated on 4 days in a random order: (1) control (no drug), (2) Buspirone (60 mg orally), (3) Dexmedetomidine (delivered by a computercontrolled intravenous infusion to target a plasma concentration of 0.6 ng/ml), and (4) the combination of 60 mg of buspirone and dexmedetomidine (target plasma concentration of 0.6 ng/ml). Study days were separated by at least 24 h.
Dexmedetomidine was delivered by a target-controlled infusion system starting 20 min before active cooling. The infusion pump (Harvard Apparatus 22; Harvard Apparatus, South Natick, MA) was controlled using STANPump software**; this software adjusts the infusion rate every 10 s, as necessary, on the basis of the pharmacokinetic data of the study drug. 18 -20 Buspirone was given orally with a sip of water. The time to peak plasma concentrations after oral administration of buspirone is 60 min; the mean elimination half-life is 150 min. 21 Buspirone was given in three equally spaced oral doses, with the first being 90 min before active cooling, the second 45 min before cooling, and the last at the start of cooling.
One investigator prepared the dexmedetomidine infusion and handed the buspirone pill to the volunteer. A second investigator, who was blinded to the assignment, recorded the data and determined shivering thresholds; the second investigator was required to leave the room while the drugs were being administered. The volunteers could not be blinded to buspirone administration as it was given orally. However, volunteers received an intravenous infusion on all study days and were not told if they were receiving dexmedetomidine or vehicle.
A 20-cm-long catheter was inserted into an anticubital vein and subsequently used for infusion of cold fluids. An additional intravenous catheter was inserted into the contralateral arm for drug administration. Throughout the study period, mean-skin temperature was maintained at 31°C by adjusting the temperature of circulating-water garments (Cincinnati Sub-Zero) and forced-air warmers (Augustine Medical, Inc., Eden Prairie, MN). Furthermore, the back, upper body, and lower body were individually maintained at the designated skin temperature. Lactated Ringer's solution cooled to approximately 3°C was infused via the peripheral line at rates sufficient to decrease tympanic membrane temperature approximately 1.5°C/h. Fluid was administered as long as oxygen consumption continued to increase or a total of 5 l was given. We have used this model in numerous previous studies and demonstrated that it markedly reduces core temperature and is well tolerated by young, healthy volunteers. [21] [22] [23] The volunteers used a condom catheter during the study to minimize discomfort of a full bladder that usually otherwise accompanies administration of large fluid volumes. When maximum shivering (or 5 l of fluid) was reached, volunteers were rewarmed with circulating water and forced air.
Measurements
We recorded each volunteer's age, height, and weight. Heart rate was measured continuously during the study using an electrocardiogram; blood pressure was determined oscillometrically at 5-min intervals at the ankle. A pulse oximeter continuously measured arterial oxygen saturation.
Core temperatures were recorded from the tympanic membrane using Mon-a-therm thermocouple (TycoMallinckrodt Anesthesiology Products, Inc., St. Louis, MO). The aural probe was inserted by the volunteers until they felt the thermocouple touch the tympanic membrane; appropriate placement was confirmed when they easily detected gentle rubbing of the attached wire. The aural canal was then occluded with cotton, the was probe securely taped in place, and a gauze bandage was positioned over the external ear. Mean skin-surface tem-** STANPUMP program. Available at: http://www.opentci.org; accessed July 9, 2008. perature were determined from 15 area-weighted sites, including the right fingertip, 24 arms, torso, legs, and feet. All temperatures were recorded using Mon-a-therm thermocouples connected to calibrated Iso-Thermex 16-channel electronic thermometers having an accuracy of 0.1°C and a precision of 0.01°C (Columbus Instruments International, Corp., Columbus, OH). Individual and mean-skin temperatures were computed by a data-acquisition system, which displayed them at 1-s intervals and recorded them at 1-min intervals.
Oxygen consumption, as measured by a DeltaTrac metabolic monitor (SensorMedics Corp., Yorba Linda, CA), was used to quantify shivering; the system was used in canopy-mode in each case. [25] [26] [27] Measurements were averaged over 1-min intervals and recorded every minute. End-tidal carbon dioxide partial pressure was measured from nasal prongs with an Ultima monitor (Datex-Ohmeda, Helsinki, Finland); exhaust gas from this monitor was returned to an oxygen consumption monitor. Sedation was evaluated with the bispectral index of the electroencephalogram (BIS™ A2000 version 3.21; Aspect Medical, Newton, MA) and by using the Observer's Assessment of Alertness/Sedation Score as in previous studies. 28 
Data Analysis
The shivering threshold was identified as a sustained 20% increase in oxygen consumption as determined in previous studies. 29 The baseline for this analysis was the steady-state value after drug infusion but before cooling had started. Maximum intensity of shivering was identified by an oxygen consumption that failed to increase further despite continued reduction in core temperature. The gain of shivering was defined as the slope of the oxygen consumption versus core temperature regression line during its initial ascent towards the maximum observed value. The shivering threshold, gain, and maximum intensity were determined post hoc by an investigator blinded to treatment and core temperature.
This was a crossover design, with each subject completing four study days. On the basis of our previous studies of almost identical design and number of subjects, 14, 15 we knew that 8 -10 male volunteers would supply meaningful data and allow us to keep the number of subjects required to complete the study to a minimum.
Data for hemodynamic responses, ambient temperature, and relative humidity on each study day were first averaged within each volunteer; data obtained between the onset of shivering and the maximum intensity were included. The resulting values were then averaged among volunteers. Results on the four study days were compared using repeated-measures ANOVA and Newman-Keul's tests. The gains of shivering, as determined by oxygen consumption, were not normally distributed and were compared using Friedman's nonparametric ANOVA.
As in previous similar studies, 15 synergistic interaction between dexmedetomidine and buspirone was evaluated using the statistical methodology described by Slinker. 30 The study was designed as a two-factor factorial experiment with two levels for each factor: presence and absence of each of the two drugs. With this model, a statistically significant positive interaction term between the two drugs indicated that they act synergistically or antagonistically. A nonsignificant interaction term indicated that the drugs' effects are additive. A repeated-measures ANOVA was used since each volunteer received each of the four treatments.
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Results
The participating volunteers were 22 Ϯ 4 yr old, 179 Ϯ 5 cm tall, and weighed 78 Ϯ 12 kg. Mean arterial pressure, heart rate, and respiratory rate were slightly lower on the dexmedetomidine and the combination days; however, this difference was clinically irrelevant. Only one participant was a smoker.
Average end-tidal carbon dioxide partial pressure and arterial oxyhemoglobin saturation were similar on each study day. Ambient temperature and relative humidity were comparable on all study days (table 1). Mean skin temperature was maintained near 31°C throughout the study. All volunteers were vasoconstricted before the cold fluid infusion started.
Volunteers were slightly sedated during the dexmedetomidine and on the combination day, as defined by the Observer's Assessment of Sedation/Alertness scale score. In agreement with Observer's Assessment of Sedation/Alertness scale scores, BIS values were reduced to around 80 on the dexmedetomidine and on the combination day. However, at all times volunteers were easily arousable.
Using repeated-measures ANOVA, both buspirone and dexmedetomidine were significant factors associated with the shivering threshold (both, P Ͻ 0.001). Buspirone reduced the shivering threshold nearly 0.7°C, from 36.6°C Ϯ 0.4°C to 35.9°C Ϯ 0.4°C. In contrast, dexmedetomidine at a target concentration of 0.6 ng/ml reduced the shivering threshold by about 2°C to 34.7°C Ϯ 0.5°C. The combination of buspirone and dexmedetomidine reduced the shivering threshold by 2.5°C to 34.1 Ϯ 0.4°C ( fig. 1) . The interaction effect in the repeated measures ANOVA was not significant (P ϭ 0.798), and its estimated effect was 0.04°C. This is consistent with a calculated difference between measurements on the buspirone and on the dexmedetomidine day of 2.56°C. Thus, there was no interaction between the two drugs on the shivering threshold. Consequently, the combination of buspirone and dexmedetomidine additively reduced the shivering threshold.
The gain of shivering, as determined by oxygen consumption ( fig. 2 ) was virtually identical on each day. The maximum shivering intensity was also similar on each study day (table 2) .
Discussion
Therapeutic hypothermia has been shown to improve neurologic outcome in patients surviving a cardiac arrest 32, 33 and hypoxic-ischemic encephalopathy in newborns. 34 A number of animal studies suggest that mild hypothermia is protective against cerebral ischemia. In particular, experimental ischemic stroke models have been summarized recently by a meta-analysis. The findings in this meta-analysis consisted of a reduction of the infarct size by 43.5% (95% CI 40 -47%) and improved neurobehavioral scores by 45.7% when hypothermia was applied.
3 Therapeutic hypothermia has potentially deleterious side effects such as shivering with a subsequent increase in heart rate and blood pressure. We tested a new drug combination using dexmedetomidine and buspirone to suppress shivering.
Our results showed that dexmedetomidine and buspirone had an additive interaction. That is, the measured shivering threshold yielded a similar result to the sum of the measured thresholds with buspirone and dexmedetomidine alone ( fig. 1 ). This outcome disproves our first hypothesis and is in contrast with the results of a previous study using the combination of buspirone and meperidine that showed that the drugs had a synergistic effect. Dexmedetomidine and buspirone have distinctly different mechanisms of action: ␣-2 adrenoreceptor agonism and serotonin 1A receptor partial antagonism. These mechanisms seem to independently inhibit the hypothalamic input without potentiating its effect. Values above the line were first averaged over the infusion period and then averaged among the volunteers; values below the line are at the shivering threshold. Data are presented as means Ϯ SDs. Thermal comfort was evaluated at 15-min intervals and at each threshold using a 10-cm-long visual analog scale (VAS). 0 cm defined the worst imaginable cold; 5 cm, thermal comfort; 10 cm, the worst imaginable heat. A new, unmarked scale was used each time.
* Significant difference from control (P Ͻ 0.05).
"OAA/S" stands for Observer's Assessment of Alertness/Sedation. The gain of shivering and the maximum intensity were similar on all four tested days. In contrast to our second hypothesis, neither gain nor maximum intensity was reduced by dexmedetomidine or by buspirone. This is in sharp contrast to volatile anesthetics that significantly reduce the gain and maximum intensity of shivering. Obviously, the magnitude of shivering, once triggered, is independent of ␣-2 activation or serotonin 1A receptor blockage.
Our data yielded a shivering threshold of roughly 34°C. It is unknown if 34°C may be the correct target temperature. Temperatures ranging from 24°C to 33°C have been used in animal models of transient and permanent cerebral ischemia and infarct size or recovery was reduced in these models. A recent study has shed some light on target temperatures in a rat model, where the middle cerebral artery was occluded for 90 min. The results suggest that the optimal depth of therapeutic hypothermia in temporary middle cerebral artery occlusion is 34°C. 35 The combination of dexmedetomidine and buspirone reduced the shivering threshold to about the same temperature. Despite recent animal data, there is little evidence for recommending a certain target temperature for therapeutic hypothermia in patients. Clinically, target temperatures from 32 to 34°C are being used by some physicians on a routine basis 36 and for clinical trials. † † The observed shivering threshold of 34.1°C was obtained by a mean skin temperature maintained at 31°C, which is about 3°C less than typical for stroke patients in a ward or intensive care unit setting. As in previous studies, we used a skin temperature of 31°C, with the goal to raise the shivering threshold to minimize the risk from infusion of large amounts of cold fluid. Skin temperature contributes 20% to control of vasoconstriction and shivering. 37 A typical skin temperature in awake stroke patients is about 34°C. 38 Consequently, administering dexmedetomidine and buspirone to stroke patients with a skin temperature of around 34°C would lower their shivering threshold by approximately 0.6°C.
If therapeutic hypothermia were achieved with internal heat exchange catheters in stroke patients, aggressive cutaneous warming would further reduce the shivering threshold. In a recent study, the combination of meperidine and skin surface warming reduced the shivering threshold to 33.8°C via an additive interaction. 39 By applying our drug combination with an internal cooling device and simultaneous cutaneous warming, the shivering threshold should drop to roughly 33°C. Using this setup could help to determine the effect of therapeutic hypothermia on outcome in awake stroke patients.
We did not analyze blood samples for dexmedetomidine or buspirone. We used target-controlled infusion for dexmedetomidine using STANPUMP software. We have previously shown that this target infusion system reliably titrates the drug to a preset blood concentration. 15 For buspirone, we used a drug regimen similar to that of a previous study. 14 The plasma concentrations of buspirone in the current study, therefore, should have been similar to those measured in that study (1.9 Ϯ 1.2 g/ml).
Another limitation of the study is that dexmedetomidine is currently approved for postoperative care of critically ill patients for a period of 24 h. A Federal Food and Drug Administration-mandated study is currently underway to prove safety and efficacy of the drug for a longer period under intensive care unit conditions. Publication is likely to ensue later this year.
Although our study was performed in men, the results can be generalized to women as well. In a previous study, data from Lopez et al. 40 demonstrated that, although the interthreshold range does not differ in men and women, women do thermoregulate at a significantly higher temperature than do men. As a result, by only including men in the study, we were able to minimize the number of volunteers required to complete the study.
The combination of dexmedetomidine and buspirone reduced mean arterial pressure and heart rate significantly in our volunteers (table 2) . However, the change was not more than 10% for mean arterial pressure and not more than 20% for heart rate. It is unknown if stroke patients react to this drug combination in a similar way. A reduction in hemodynamic parameters might even have a beneficial effect on stroke patients. Similarly, respiratory rate was reduced on the dexmedetomidine and combination days. However, no significant change in end tidal carbon dioxide could be detected, most † † http://www.clinicaltrials.gov. Identifier: NCT00283088, NCT00299416; accessed May 13, 2009. likely because any change was offset by larger tidal volumes. In summary, we tested the combination of dexmedetomidine and buspirone to reduce the thermoregulatory threshold for shivering. The shivering threshold for the combination was 34.1 Ϯ 0.4°C, which is comparable to the thresholds achieved when meperidine was given in combination with dexmedetomidine (34.7 Ϯ 0.6°C) and with busprione (35.9 Ϯ 0.7°C). These data indicate that supplementing dexmedetomidine with buspirone blocks shivering without the potential negative side effects of meperidine and its metabolite. In addition, this drug combination causes only minimal sedation and no respiratory compromise, two side effects that are of paramount importance in rendering patients hypothermic after stroke. This drug combination does not cause respiratory depression; therefore, it enables hypothermia to be induced in patients without the risk of ventilator assistance during therapeutic hypothermia.
